The accumulation of mitochondrial DNA (mtDNA) mutations has been proposed as an underlying cause of the ageing process and mutations have been associated with cancer in many tissues, including human skin. This involvement is linked to the key roles of mitochondrial function and mtDNA in oxidative stress production and as a mediator of apoptosis. We and others have pioneered the use of mtDNA damage as a highly sensitive biomarker of ultraviolet exposure in human skin and have also shown that the accumulation of an ageing-dependent mtDNA mutation is accelerated by exposure to sunlight, which is known to induce oxidative stress in skin. This is important as ultraviolet radiation (UVR)-induced gene mutations play a key role in the development of skin cancer and ageing in human skin. Novel applications of mtDNA as a biomarker of UVR-induced oxidative stress will also be highlighted in this review.
Mitochondria
Mitochondria are thought to have originated when an a-proteobacterium was engulfed by and established residency in the cytoplasm of a primitive eukaryotic cell. A symbiotic relationship existed, whereby the aerobic bacterium supplied energy to the host cell in exchange for a stable protected environment and a constant supply of nutrients. Through evolution, most of the genes present in the bacterium were gradually transferred to the nucleus of the host (1) . Mitochondria now exist as sub-cellular organelles present within the cytoplasm of all nucleated eukaryotic cells.
Textbook descriptions usually portray mitochondria as oval discrete organelles of 1-2 lm in length and 0.5-1 lm in diameter; however, in reality mitochondria are not isolated static organelles but constantly change their shape, forming reticular networks, which are maintained by continual cycles of fission and fusion (2) .
Mitochondria have several functions within the cell, including their key involvement in apoptotic events, such as the release of the caspase activator cytochrome c. However, their primary function is to carry out oxidative phosphorylation (OXPHOS), which generates $90% of cellular energy in the form of adenosine triphosphate (ATP) from products of cellular metabolism (3) . OXPHOS is carried out by five enzyme complexes that are located on the inner mitochondrial membrane. Complexes I, II, III and IV and two non-enzyme electron carriers, coenzyme Q and cytochrome c, transfer electrons along the mitochondrial respiratory chain, which is coupled to the formation of a proton gradient across the inner mitochondrial membrane. Complex V, or ATP synthetase, uses the free energy released when the protons flow back across the membrane to produce ATP from ADP and inorganic phosphate.
Mitochondrial genetics
Despite loosing the majority of genes through evolution, mitochondria have retained some of their own genetic material, which remains within the mitochondrial matrix. This mitochondrial DNA (mtDNA; Figure 1 ) is the only extranuclear source of functional DNA in mammalian cells and is a 16 569 bp, double-stranded, circular DNA molecule that encodes 37 genes, 13 proteins of the mitochondrial respiratory chain plus the 22 tRNAs (mt-tRNAs) and 2 rRNAs (mt-rRNAs) required for their translation (4, 5) .
The remaining respiratory chain protein subunits plus all the proteins required for mtDNA replication, transcription, translation and mitochondrial maintenance are encoded for by the nuclear genome and are subsequently imported into mitochondria. Due to the dual genetic control of the respiratory chain, it is essential that the two genomes are coordinated, and thus crosstalk between the two must occur (6, 7) . mtDNA is highly compact. It does not contain introns, with coding sequences being continuous or having very few bases between them; 95% of mtDNA is encoding in comparison to 3% of nuclear DNA, and so any mutagenesis to mtDNA is likely to affect a coding region. The only non-coding region is the $1-kb D-loop (displacement loop), which is formed by the displacement of the two genomic strands of mtDNA by a third strand of 500-700 bp that gives this region a triplestranded structure. It is the least conserved region of mtDNA and functions as the major regulatory region for both replication and transcription of the genome (8) .
In contrast to nuclear genes where there are two copies of each gene, a maternal allele and a paternal allele, mtDNA is present in multiple copies (polyploidy) of up to thousands of copies of mtDNA per cell (9) . As a result, mtDNA has the capacity to form a mixture of both wild-type and mutant mtDNA genotypes within a cell, a phenomenon known as heteroplasmy (Figure 2 ). mtDNA mutations are functionally recessive, that is the remaining wild-type molecules compensate for any deleterious effects of mutant genomes (complementation), and cellular dysfunction only occurs when the ratio of mutated to wild-type mtDNA exceeds a threshold level (10) . This level is often between 50 and 60% for deletions (11) (12) (13) , but is generally higher for point mutations at 60-90% mutant mtDNA (14) (15) (16) . A growing collection of reported mtDNA point mutations and rearrangements has been associated with muscle and neurodegenerative diseases, a proportion of which exhibit skin manifestations (10) . These are reviewed elsewhere [for example ref. (17)].
mtDNA is not distributed homogenously throughout the mitochondrial matrix but is organized into structures termed 'nucleoids', each containing around two to seven mtDNA molecules (18, 19) . Nucleoids may be considered as the units of mtDNA inheritance (20) , which incidentally is inherited exclusively through the maternal linage (21) .
mtDNA mutagenesis
Although the nucleoid formation may offer some protection in insulating mtDNA molecules from their environment (22) , unlike nuclear DNA, mtDNA has a lack of association with protective histones (23) . mtDNA also has a scarcity of the efficient DNA repair mechanisms that are present in the nucleus. The literature agrees that mitochondria are deficient in nuclear excision repair pathways and cannot repair ultraviolet (UV)-induced photoproducts such as pyrimidine dimers. However, mitochondria do show repair of a variety of other types of DNA damage confirming that mitochondria possess base excision repair pathways, although evidence for repair involving both recombination and mismatch repair is not fully resolved in human (10, 24) .
Approximately 90% of the oxygen consumed within a eukaryote is used in mitochondrial respiration. Incomplete oxygen reduction within the mitochondrial respiratory chain can lead to the formation of the superoxide radical, the first molecule in the pathway responsible for the production of reactive oxygen species (ROS) (24), as electrons 'leak' from the respiratory chain and react with oxygen. Mitochondrial ROS formation is mainly due to the natural leakage of electrons, which occurs at Complexes I and III of the respiratory chain (25) . Recent evidence in human skin cells postulated an additional contribution by Complex II (26) . Under normal physiological conditions, without any additional stressor on the respiratory chain, up to 5% of oxygen consumed by mitochondria is converted to ROS (27) ; however, this level predominantly comes from experiments done in isolated mitochondria with air-saturated aqueous buffers. Mitochondria in vivo are exposed to a considerably lower concentration of oxygen, and thus this conversion is likely to be lower (28) .
ROS are known to damage proteins, membranes and DNA by oxidation and as mtDNA is in close proximity to the site of ROS generation, it is therefore highly susceptible to damage by these reactive species (29) (30) (31) (32) , especially superoxide (O 2 Á), hydrogen peroxide (H 2 O 2 ), hydroxy radicals (OHÁ) and peroxynitrite (ONOOÁ).
The consequence of a lack of histone protection coupled to limited repair and vulnerability to attack by reactive species is that mtDNA has a rate of mutation 10-17 times higher than that of nuclear DNA, and these mutations persist for a longer period of time in the cell (33) (34) (35) (36) (37) . Individual mitochondrial genomes are constantly subject to undergo random mutation (38) , and unless damaged mtDNA is repaired or eliminated, a mitochondrial genome harbouring a sequence variation may be replicated allowing its level in cells to increase by intracellular drift (39) . In this way, mtDNA mutations can accumulate during ageing (40) .
A vicious cycle hypothesis
The 'vicious cycle' mechanism, first proposed by Harman (41) , summarizes how the characteristics of mitochondria can contribute to disease and ageing.
The hypothesis remains the most vigorous although a somewhat controversial contender to explain the basis of intrinsic ageing in a wide range of species by postulating that the production of intracellular ROS is the major determinant of life span.
Intracellular ROS are primarily generated by the mitochondrial respiratory chain and as such it is a prime target for oxidative damage. mtDNA is located in the mitochondrial matrix close to the site of ROS production (the respiratory chain) making it highly vulnerable to oxidative damage. As the integrity of mtDNA is essential for mitochondrial function (as it encodes respiratory chain subunits), the accumulation of mutations is considered a possible contributor to ageing and cell death (via apoptosis). Dysfunctional mitochondria will produce more ROS, and so a feed-forward loop is set up whereby ROS-mediated oxidative damage to mitochondria favours more ROS generation, resulting in a so-called 'vicious cycle' (Figure 3) (42) . The postulated role of this in ageing is discussed later.
Effects of ultraviolet radiation on the skin
Human skin is continuously exposed to external stressors, such as ultraviolet radiation (UVR). As a general rule, the shorter the UV wavelength the greater is the biological effect (Figure 4) . UVB therefore is considered to be more harmful to skin than UVA, which is highlighted in erythema (skin reddening), more commonly known as sunburn. In this respect, UVB is known to be a potent carcinogen and mutagen and has been suggested as the major component of sunlight causing DNA mutations leading to human skin cancer (43). However, not only is UVA able to penetrate deeper into the skin when compared to UVB (Figure 4) , Agar et al. (44) demonstrated a greater frequency of UVA compared to UVB fingerprint mutations in human nonmelanoma skin cancer (NMSC) samples thereby suggesting an important role for UVA in human skin carcinogenesis.
Studies suggest that skin cancer is the most commonly diagnosed human cancer throughout the world (45), accounting for 40% of all cancers diagnosed in the USA (46) . There are broadly two categories of skin cancer, malignant melanoma and NMSC, with the latter representing 85-90% of the incidence of skin cancer (47) . According to Cancer Research UK figures, 75 000 new cases of NMSC were diagnosed in the UK in 2005 and studies suggest a trebling of skin cancer incidence by 2025 (48) .
Human skin ageing is the combined effect of intrinsic (timedependent) and extrinsic (environmental) processes. UV irradiation from sunlight is the major extrinsic factor to impact upon skin ageing producing cellular changes in the skin and it is generally thought that UVA is the main determinant for these changes (49) .
Oxidative stress
The exposure of skin to UVR is known to stimulate the intracellular production of ROS (e.g. superoxide and hydrogen peroxide) and reactive nitrogen species (RNS; e.g. nitric oxide). It is this imbalance in the production of ROS/RNS and the antioxidant defence systems that leads to oxidative stress. UVB can be directly absorbed by DNA bases, therefore, inducing damage within cells. The most common UVBinduced DNA modulations are dimeric photoproducts between adjacent pyrimidines on the same strand of DNA. However, UVB has also been shown to cause oxidation of guanine residues in a process mediated by ROS (50), as well as altering the levels of intracellular antioxidant enzymes (e.g. superoxide dismutase, glutathione peroxidase and catalase). The harmful effects of UVA are thought to be mainly mediated through the generation of ROS and RNS rather than direct DNA damage (51) , which has shown a correlation with UVA-induced DNA damage (52) . These latter studies have particularly focussed on the role of mitochondria in UV-induced oxidative stress where the vast majority of cellular ROS is produced as free electrons 'leak' from the respiratory chain (32, 53) .
mtDNA as a biomarker of sun exposure in human skin
A major limitation of studies relating genotype to phenotype of human skin cancer is the absence of reliable markers of exposure to UVR and this is compounded by inter-individual differences in the ability to repair photoproducts in nuclear DNA. To determine a reliable marker of cumulative UVR exposure in human skin, we and others have pioneered the novel idea of using mtDNA, rather than nuclear DNA, as a biomarker of UV-induced DNA damage (54, 55) or commonly termed 'sunburnt DNA' in the public domain. Compared to mutation screening of candidate nuclear DNA genes such as p53, there are certain advantages of studying mtDNA damage in sun-exposed skin (10, 55) particularly the absence of nucleotide excision repair of photoproducts, higher mutation rate and mtDNA complementation. Therefore, cells are able to accumulate photodamage in mtDNA without compromising cell function, a necessary requirement for a reliable and sensitive biosensor of UV exposure. There has been a spectrum of mtDNA deletions associated with UV exposure (56) . Of the spectrum of mtDNA deletions identified in sun-exposed human skin, the major species have been the 4977 bp common deletion [reviewed in refs (55, 57) ] and a 3895 bp deletion (58, 59) . These mtDNA deletions can be also be induced in human skin and cultured skin cells by sub-lethal repetitive doses of UVR (58, 60) . Apart from deletions, a higher frequency of tandem mtDNA duplications has been observed in sun-exposed human skin (59) . These deletions and tandem duplications occur more frequently in usually sun-exposed skin as opposed to occasionally sun-exposed skin (58, 61) . This is important because the relative density of NMSC is highest on body sites 'usually' exposed to the sun when outdoors (such as scalp, face, neck and ears) compared to occasionally sun-exposed sites (such as shoulders, back and chest). These data show that mtDNA damage in human skin provides a potential biomarker for cumulative UV exposure in human skin. In addition, it may provide a method of monitoring longterm safety of clinical UV phototherapy regimes and possibly an early warning system for development of skin cancer.
Mitochondria and ageing
The mitochondrial theory of ageing predicts that the vicious cycle contributes to the ageing process (Figure 3) . Therefore, mtDNA damage and mitochondrial dysfunction not only serve as important downstream markers of mitochondrial ROS production but are also themselves involved in exacerbating the excessive ROS scenario (38, (62) (63) (64) (65) . Although there are recent data supporting a direct functional role of mtDNA in ageing and photoageing (66) , there is still considerable debate as to the type of mtDNA species associated with ageing. For example, the most frequently reported species is the 4977 bp common deletion but its significance is still under debate (67) . In addition, there are single somatic mtDNA control region mutations associated with ageing tissues, including skin, but their functional significance is still unclear (68) . This process of chronological ageing can of course be accelerated in skin by chronic exposure to UVR, which is associated with a further increase in mtDNA damage (as described above).
One interesting area of human ageing biology is the large age-dependent accumulation of mtDNA point mutations in the non-coding control region observed in skin, muscle and brain (69) (70) (71) . The control region harbours genetic elements important for transcription and replication of mtDNA, giving potential functional relevance to these mutations and making them good candidates as contributors to ageing. In ageing skin, a T414G mutation has been shown to be one of the most common control region mutations (70) and we have recently shown in human skin that its accumulation is accelerated by UV exposure (72) although there is not a clear segregation with the process of senescence (6, (73) (74) (75) .
Mitochondria and cancer
Growing evidence suggests that cancer cells exhibit increased intrinsic ROS stress, due in part to oncogenic stimulation, increased metabolic activity and mitochondrial malfunction. Since the mitochondrial respiratory chain is a major source of ROS generation in the cells, the vulnerability of the mtDNA to ROS-mediated damage appears to be a mechanism to amplify ROS stress in cancer cells. Mitochondria have therefore been implicated in the carcinogenic process (76) not only because of their role in apoptosis and other aspects of tumour biology but also due to their role as a generator of ROS (77) . Many types of human malignancy such as colorectal, liver, breast, pancreatic, lung, prostate and bladder as well as skin cancer have been shown to harbour somatic mtDNA mutations (57, (77) (78) (79) . Moreover, sequence variations of mtDNA have been observed in pre-neoplastic lesions, which suggest mutations occur early in tumour progression (80) . Durham et al. (81) provided the first detailed study of multiple forms of mtDNA damage (including deletions, tandem duplications and point mutations) in NMSC. Somatic heteroplasmic point mutations were identified in addition to clear differences in the distribution of deletions in the tumours compared to perilesional skin. There are three recent studies that have identified somatic mtDNA mutations in cutaneous malignant melanoma (82) (83) (84) . It is currently unknown whether the observed mtDNA damage has a primary and causative link to the process of cancer development or it may simply represent a secondary 'bystander effect', which reflects an underlying nuclear DNA instability. The interplay between nuclear and mitochondrial genes requires careful investigation and may hold the final understanding of the mitochondrial role in tumorigenesis.
Antioxidants
There is now considerable interest in antioxidants as they may provide one way (in addition to the intrinsic antioxidant defence mechanism) of reducing oxidative damage caused as a result of increased ROS levels (85) (86) (87) (88) (89) (90) (91) (92) . There is also some evidence that dietary antioxidants directly protect mtDNA damage and function (93, 94) . The Rizwan in vivo study showed that lycopene (the bright red pigment found in a number of red fruit and vegetables including tomatoes) administered as tomato paste reduced the UVR-induced damage to mtDNA in human skin. Compared to the control group, the group who had eaten the tomato paste were also found to have 33% more protection against sunburn, which can lead to skin cancer. Furthermore, the tomato paste supplementation was associated with a reduction in the UV induction of matrix metalloproteinase-1 (MMP-1) expression, abolished the UV-induced reduction in fibrillin-1 expression and increased the procollagen I deposition in the treated subjects. This pilot study indicates that tomato paste containing lycopene provides protection against acute and potentially long-term aspects of photodamage and suggests that acute UVR-induced mtDNA damage is a promising tool for assessing evidence of photoprotection.
Summary
In summary, the accumulation of mtDNA mutations appears to play a predominant role in the ageing process and mutations have been associated with cancer in many tissues. This is associated with the key roles of mitochondrial function and mtDNA in oxidative stress production and as a key mediator of apoptosis. We and others have pioneered the use of mtDNA damage as a highly sensitive biomarker of UV exposure in human skin, which is known to induce direct DNA damage and oxidative stress and is strongly associated with increased skin ageing and cancer. This review has highlighted the several applications of mtDNA as a biomarker of UVR-induced oxidative stress.
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